Introduction
We have a long standing interest in the origin of the genetic code and the process of protein synthesis. Some previous findings include correlations of prop erties between amino acids and their anticodonic nucleotides [1 -2 ] , selective affinities between amino acids and their anticodonic nucleotides [3] [4] [5] and selective reactions between amino acids and their anticodonic nucleotides [6] [7] . These results indicate an early, more direct involvement of amino acids with the anticodon in a primitive transfer RNA. Num bers of proposals have been made in that regard and include the idea that the first tR N A s (or adaptor molecules) were m ononucleotides [8 ] . Others have suggested larger adaptors. For example. Crick et al. proposed a small tR N A with a five-letter anticodon.
Hopfield presented a hairpin model in which the amino acid was very near the anticodon for recogni tion purposes [9] . Kuhn and his coworkers [10] have proposed that early tR N A s were hairpin structures with self associative possibilities allowing them to line up on a tem plate. One attractive line of reason ing is that there might have been an early universal tR N A which preceeded the individualized, special ized tRN A s. Such a molecule would be expected to have features which would allow its binding to a ribo some-like structure and be of sufficient length to con tain all possible anticodons in the anticodon loop. The 5S rRN A , which is found in all known ribo somes and contemporary tRN A s may be descendents of such a molecule.
Previous reports of investigations into the evolu tion of the genetic coding mechanism have described sequence homologies between transfer RNAs (tRNAs) and structural RNAs [11, 12] , The model derived from that research [1 2 ] predicts matching base sequences may be found between tR N A and 5 S rRNA. In addition, there are also biochemical and biphysical data which suggest an affinity between these two molecules. The lengths of some precursortRNAs and 5S rRNAs are approximately the same [13 -15] and they share similar nucleotide composi tions [16] . Both molecules form highly conserved secondary structures consisting of several loop and stem regions. In eukaryotic cells, the transcription of both 5S rDNA and tD N A is catalyzed by RNA poly merase III. Additionally, in both cases, transcription involves the binding of a regulatory protein to specific intragenic sites [17, 18] representing the D H U and T'FC regions on tRN A and 5S rRN A re gions homologous to the D H U loop as we show in this report. This transcription mechanism seems to be unique and suggests a phylogenetic relationship between tRNAs and 5S rRNAs.
Years ago we reported matches between E. coli tR N A Tyr precursor and E. coli 5S rR N A and sug gested an evolutionary relationship between these two molecules [19] . This idea, however, has received little attention until recently. Sequence homologies have been used successfully to dem onstrate relation ships between small subunit ribosomal R N A and tRN A [11, 12] and among tRNAs [20] . Similar methods have been used here to investigate the rela tionships between tRNAs and 5S rRNAs. The pres ent investigation was undertaken to com pare more systematically and thoroughly the sequences of tRN A s and 5S rRN A s as a test of the hypothesis of common ancestry of those molecules.
Methods
Sequences of 123 tRNAs from widely divergent sources (an archaebacterium , Halobacterium volcanii, a eubacterium , E. coli, bovine m itochondria, Euglena chloroplast, yeast and D rosophilla) were taken from the literature [21, 22] , The 5S rRNA sequences used are found in the compilation of E rd m ann and W olters [23] . Sequences of 5S rRNAs and tR N A s were com pared using the autom ated routines of G oad and Kanehisa [24] which search for local matching regions. This method compares sequences in a pairwise m anner. One sequence is designated as the reference molecule. The com puter systematically scans this molecule looking for identical sequences among successive frames of the second molecule. Values for the numbers of expected matches per search, based on coincidence, were calculated using the formulae of G oad and Kanehisa [24] as modified by Bloch et al. [12] . in M ethods. Forty-five matches (E < 0 .1 0 ) were found and these have been plotted in Fig. la . Of interest is the large num ber of matches correspond ing to the TWC arm of the tR N A s and the C l stem and H I loop [23] of the 5S rR N A . The spreading of the cluster of matches at the TWC arm is a result of differences in the length of variable loops among tRN A s [21] . The fact that so many matches were associated with the highly conserved TWC arm of the tRN A s may be interpreted to indicate that this large num ber reflects only the conserved nature of tR N A rather than a common origin of the two classes of RNAs. To investigate this question, the Prochloron 5S rR N A sequence was random ized, maintaining the same base frequencies, and compared to the same set of tRN A s. The resulting matches are shown plotted in Fig. lb . Two im portant points are apparent. Fewer matching regions are found in comparisons with the randomized molecule than with the native RNA. In fact, only 13 matches (the num ber expected by chance) were found. This finding underscores the fact that the sequence of the native Prochloron shows many more matches with tR N A s than can be attributed to chance. Secondly, using the ran domized sequence the matches which are found do not fall into any obvious pattern nor are they clus tered in any way. Thus, the clustering shown in Fig. l a is not an inevitable result of the conserved nature of tR N A .
Results and Discussion
A list of the 44 matching regions found in compari sons between the 5S rR N A of yeast and all tRNAs is shown in Table I . These matches are plotted in While searches between tRN A s and the 5S rRN A sequences of Prochloron and yeast yield matches with a very conservative distribution, this is not al ways the case. A composite plot of eight 5S rRN A sequences compared to all 123 tRN A s is shown in Fig. 3 . The 5S sequences were taken from E. coli, Halobacterium volcanii, A nacystis nidulans, P rochlo ron, Euglena gracilis chloroplast, Tetrahymena, yeast and D rosophilla. The 239 matches illustrated on the plot are listed in Table I . A large num ber of the matches clearly correspond to the conserved D H U and T^C arms of tRNAs. The sequences involved in these matches seem to be highly conserved not only in tRNA but also in 5S rRN A . In addition to the conserved regions, any portion of the tR N A or rRNA may be involved in a match. However, spe cific sites on the tRNAs seem to be prohibited from matching with specific sites on the 5S rRN A . This is manifested as a "zone of prohibition" and is a strik ing feature of the plot shown in Fig. 3 . A pproxim ate ly 24% of the plot shown in Fig. 4 is covered by the zone of prohibition, yet only ca. 3.8% of the matches fall within this zone. This zone of prohibition is ca. 20 bases wide and extends diagonally for the length of the tRNA s and from approximately base 10 to base 90 on the 5S rRNAs. Interestingly, while matches involving tR N A s from bovine mitochondria make up less than 13% of the total num ber of matches shown in Fig. 4 , they represent more than 50% of the matches which are found within the zone of prohibi tion. If one considers only nonmitochondrial tR N A . the occurrence of m atches in the zone of prohibition is reduced to 1.9%.
Convergence as an explanation fo r the matches?
W hen two structures share similar features, this similarity is generally the result of one of three phenom ena: chance; convergence (usually through functional requirem ents); or common origin. In the present case, chance may be eliminated as a possibili ty as the num ber of matches between 5S rRN A and tR N A exceeds levels attributable to chance alone (> 99% confidence). W hen the similarities are found at the m olecular level, as in this case, another explanation is possible. However, transposition by genetic processes and interspecific exchange seem to be an improbable cause for the matches. Many tR N A s which are found to participate in interspecies matches do not exhibit corresponding matches with their own 5S rRN A s. The E. coli tR N A Val, for exam ple, shows a match with yeast 5S rRNA but not with E. coli 5S rRN A . W hen corresponding RNAs are found to take part in both inter-and intraspecific m atches, the form er is as likely as not to be of a higher quality than the latter. Interspecific matches that are not m irrored by intraspecific matches among corresponding RNAs suggest common origins, since the physically separate existence of the two mole cules exhibiting the match would preclude common functional interactions from shaping the sequences during their evolution. The possibility of forming and maintaining interspecies matches of a higher quality than those between the putative parental species seems rem ote. Such a series of events might entail transfection [25, 26] of tRNA genes which mimic, by chance, 5S rR N A genes in the new host. A lterna tively, transfection of a gene which exhibited a match in the donor species may occur. This element must then be m aintained in the new host and subsequently lost by the donor species. The widespread occur rence of interspecific matches make recent recom bination events an unlikely cause. Additionally, it would require that the matches between species would be subject to a more rigorous selection pressure for their m aintenance than the matches within the species of origin. Such an invocation of selection would be outside of any meaningful biologi cal context.
One m ethod which may be used to determine if matches reflect convergence between 5S rRN A and tR N A involves comparing the frequencies of intraand interspecific matches. If convergence were the cause of the similarities between 5S rRN A and tRN A s, one would expect to find more matches in intraspecific searches than interspecific comparisons. Table II shows the frequences of matching regions found between 5S rR N A and tRN A sequences of E. coli, H. volcanii, Euglena chloroplast, yeast and D rosophilla. The table indicates that there is no gen eral trend for rRN A s from a given organism having a higher frequency of m atches with tRN A s from the same source. The mean frequency for intraspecific matches is not significantly higher than that for in terspecific matches. In fact, the highest frequency of matches (61.3% ) occurs between yeast 5S rRNA se quences and tR N A s from E. coli. Additionally, the frequency of matching between 5S rRN A and tRN A s from Euglena chloroplast is among the lowest in the table. Since interspecific matches occur with the same frequency as intraspecific matches, conver gent evolution may be elim inated as a possible expla nation for the matches between the tRN A s and 5S rRNAs. No known evolutionary mechanism can ef fect a convergence of molecules in different cellular environments with different functions.
The most plausible interpretation of the matches is that the matches are true homologies, reflecting common origins. This is the explanation that is gen erally accepted when matches are found among molecules that are known to be similar. The se quences are probably conserved because they be came locked into essential functions. The functional constraints on the primary structure have resulted in selection against the maintenance for m utational changes.
Matches with the excised portions o f yeast tR N A s
Many tD N A transcripts require significant pro cessing before yielding a m ature tR N A . This pro cessing often involves the excision of an intervening sequence. The best studied example of processing of this sort involves the tRNAs of yeast [14, 15] . A m utant yeast strain allows the unprocessed tR N A precursors to accumulate [27] , and thus to be iden tified and sequenced [28] .
The sequences of yeast precursor-tRN A s reported by Ogden et al. [14] and Lee and Knapp [15] provide an opportunity to test the common origin hypothesis. The intervening sequences (introns) range in length from 14 to 60 bases. If tR N A and 5S rR N A share a common ancestor, traces of this common origin should be found not only in the m ature tRN A s but also in those portions of the precursor-tRN A s which are later excised. In comparisons between the m a ture yeast tR N A sequences and five 5S rRN A s, 12 matches were found (Fig. 4a) . However, when the precursors of these tRN A s were com pared with the 5S rRN A sequences, 23 matches were found (Fig. 4b) . Table III Mullins et al. [19] suggested that the precursor to 5S rRN A was the result of the tandem duplication. They further suggested that some tRN A s may have been derived from this same precursor molecule. Others [29, 30] have suggested that both tR N A and 5S rRN A arose from tRN A s lacking the D H U arm. An example of such a molecule from contem porary organisms is tR N A Ser from mammalian m itochon dria. Wolters and Erdm ann [30] suggest that these tRN A s represent degenerate forms in which back m utations have created molecules of suboptimal function. It is unclear how a suboptimal adaptor Fig. 2 and 3 would seem to argue against the 5S rRN A precursor having been a D H U arm-less tRN A . We propose that tRN As arose from a molecule that was also the precursor to 5 S rRN A or an ancient 5S rR N A itself. Transfer RNAs (and 5S rRN A ?) were copied (transcribed?) from this molecule. Transcription could begin at many different sites, but was prohibited from beginning at the site corre sponding to bases 10-30 on present-day 5S rRN A. This accounts for the "zone of prohibition" evident in Fig. 3 . The explanation for this prohibition is un known. Perhaps it corresponds to a binding site with another nucleic acid or a protein. This may have ef fectively protected the site from being a site of tran scription initiations. However, transcription begun before the putative binding site might have caused the binding protein or nucleic acid to become dis lodged, allowing transcription to continue.
The molecule we propose to have given rise to these two classes of RNAs may itself have been derived from the tandem duplication of a shorter molecule [19] . Alternatively, the precursor molecule may have been a circularized RNA composed of ap proximately 120 bases. In either case, some tRNAs should have been formed from transcripts that bridge the region corresponding to the 3' and 5' ends of contem porary 5 S rRNAs. This should be reflected by matches between tRNAs and 5S rRN A s extending from before base 1 2 0 to after base 1 on a circularized 5S sequence. To investigate this possibility, the 5S rR N A sequences used in the comparisons shown in Fig. 3 were cut after base 46 and were spliced front to back. The resulting sequences were compared with the same tRNAs as described for the plot shown in Fig. 3 . If no matches were found extending across the spliced region, fewer matches should be found than the 239 listed in Table I . Fig. 5 shows a plot of the matches found in comparisons of "spliced" 5S rRN A s and tRNAs. Although many matches shown in Fig. 4 were lost as a result of cutting the 5S rRNA sequence, a large num ber of new matches were cre ated by joining the 3' and 5' ends of the sequence. In fact 246 matches are shown in Fig. 5 indicating that more matches were created than lost by the splicing. This result supports the hypothesis that the precursor to the 5S rR N A and tR N A was a tandemly dupli cated. or circular molecule.
S rRNA and the universal translator
A general trend pervading biological evolution is that from generalized to specialized [31] . We believe that we can find traces of this evolutionary trend in the translational apparatus of contem porary organ isms. Before the appearance of highly specific tRN A s for translating the information stored in nucleotide sequences to protein, there may have existed an RNA capable of functioning as a general translation molecule. This "universal translator" was able to read all the codons and attach all the amino acids to form a peptide chain. We propose that an ancestor of 5S rR N A may have functioned in this capacity [32] . Additionally, this proto-5S rRN A may have served as a tem plate for proto-tRN A s. A lter nate splicing could yield a collection of proto-tRN A s with unique anticodons, and result in extensive se quence homology in other portions of the molecules, as seen in contem porary tRN A s [20] . Further discus sion of the "universal translator" hypothesis will be presented in a separate paper.
